Introduction
Extracorporeal membrane oxygenation (ECMO) is considered an effective rescue therapy for severe acute lung or cardiac disease [1, 2] . Large-volume intravenous fluid infusions are often required after ECMO initiation [1, 3] due to haemorrhage [4] [5] [6] [7] or to minimize venous access insufficiency and target an appropriate ECMO flow [1, 3] . Despite increasing experience [8] [9] [10] and major technical improvements [11] , major fluid overload remains a common characteristic in ECMO patients [12] . In addition, acute kidney injury (AKI) with need for renal replacement therapy (RRT) is one of the most frequent additional organ failures, occurring in *50 % of ECMO patients [4] [5] [6] [7] . AKI is known to be associated with negative outcomes [13, 14] in patients requiring ECMO and may also predispose towards development of positive fluid balance (FB) [15] [16] [17] [18] [19] . Although fluid overload is common in ECMO patients [12] and the possible adverse effects of positive FB on mortality are widely recognized [15] [16] [17] [18] [19] , the specific impact of fluid overload on outcome in adult ECMO patients has never been investigated. Moreover, FB status during ECMO is a potentially modifiable factor, while if optimally managed may improve patient outcomes.
The aim of this investigation is to describe the relationship between early FB status (within the first 3 days of ECMO initiation) and outcome within an adult population treated with ECMO and to account for confounding factors such as AKI or RRT use.
Patients and methods

Setting
This study was conducted in a 45-bed medical-surgical intensive care unit (ICU) of a university hospital in Melbourne, Australia (The Alfred Hospital). This hospital provides heart and lung transplantation services for the States of Victoria, South Australia and Tasmania. The ICU operates an ECMO referral service and retrieves patients on ECMO from the southern states of Australia. The study protocol was in accordance with the ethical standards of our institution's Committee for the Protection of Human Research Subjects. The need for informed consent was waived by the Human Research Ethics Committee (number 324-13).
Patients
We retrospectively analysed the charts of consecutive patients who received veno-arterial ECMO (VA-ECMO) or veno-venous ECMO (VV-ECMO) for refractory cardiogenic shock or acute respiratory failure, respectively, in our ICU from 1 March 2006 to 1 March 2013. Only patients who were alive on the third day of ECMO treatment and had available data about FB were eligible for the study. Twenty-one patients who had ECMO for B48 h and were not exposed to ECMO long enough to identify fluid-overload-related outcome were excluded from the study. Two patients with insufficient data (ECMO retrievals where FB information was not available from the referring hospital) were excluded from analysis ( Fig. 1) .
ECMO support
The decision to use ECMO was made by the treating intensive care specialist or cardiac/thoracic surgeon (for perioperative cardiac or lung support) according to local criteria as previously described [20] . ECMO indications and cannulation procedure details are provided in the Electronic Supplementary Material (ESM).
Standard procedure for care of ECMO patients requiring CRRT
The decision to use continuous RRT (CRRT) during ECMO was made by the treating intensive care specialist. Typical indications for CRRT included potassium level [6.5 mmol/L or pH \7.2 or urea concentration [25 mmol/L or creatinine level [300 lmol/L or clinically significant organ oedema (e.g. pulmonary oedema). CRRT (Prismaflex TM ; Gambro, Lund, Sweden) was performed via the ECMO circuit in all patients. Blood entered the CRRT machine immediately distal to the pump-head and was returned proximal to the oxygenator [21] . For patients with no active bleeding, anticoagulation was provided by the ECMO circuit to target an activated partial thromboplastin time (APTT) of 50-70 s. The anticoagulant strategy was the same whether CRRT was required or not. After ECMO removal, a dialysis central catheter was inserted if CRRT was still needed. The CRRT filter was routinely changed after 72 h of continuous use (manufacturer recommendation) or earlier due to clotting.
Administration of fluid was not protocolised but was decided by the treating intensivist. Crystalloid solutions were used for maintenance fluid. The choice of fluid bolus for resuscitation included crystalloid or 4 % albumin. Gelatin and hydroxyethyl starch solutions were not used. Access pressures were not routinely monitored, and fluid was given when suction events occurred with associated reduction in ECMO blood flow. Recurrent episodes of suction led to repositioning or addition of another access cannula or sustained reduction in revs. The minimum haemoglobin target was 8.0 g/dL [22] . Coagulation tests including haemolysis screening (plasma free haemoglobin) were performed at least daily. ECMO circuit changes were performed if there was clinically significant haemolysis or fibrinolysis, with or without clot within the oxygenator. Bed-side care was delivered by trained ICU nursing staff with patient-to-nurse ratio of 1:1 under supervision of ECMO-trained intensivists.
Data collection
The following data were extracted from patient records and ICU databases: age, sex, body mass index, underlying medical conditions, Acute Physiology and Chronic Health Evaluation (APACHE) III score [23] , Sequential Organ Failure Assessment (SOFA) [24] , immunosuppression status, reason for ECMO initiation, days in ICU and hospital before ECMO initiation, type of ECMO (VA versus VV) and whether the patient was retrieved from another hospital on ECMO. A SOFA score with the renal component removed was calculated to account for severity of illness distinct from that caused by AKI. Immunosuppression and chronic renal insufficiency were defined according to APACHE II criteria [25] . Daily data from ECMO initiation to ICU discharge (or day 28) included daily FB, urine output, CRRT use, CRRT circuit change, furosemide dose, ECMO circuit change, major bleeding events, and haematological and renal functional variables (haemoglobin, plasma free haemoglobin, urea and creatinine before CRRT).
Daily FB was calculated as the difference between fluid administered (intravenous fluids, blood products, enteral fluids, RRT replacement fluids) and fluid lost (dialysis effluent-dialysate from CRRT, urine output, enteral losses, drain losses) in a 24-h period. Negative daily FB was present when fluid loss was greater than fluid administered per day [26] . Major bleeding event was defined as bleeding which led to a haemostatic treatment (pleural drainage, surgical procedure, arterial embolization, gastrointestinal endoscopy), transfusion of C5 blood units of packed red blood cells during 24 h, in cases of intracerebral haemorrhage or death. To determine AKI severity at ECMO initiation, patients were assigned to risk, injury, failure, loss and end-stage kidney disease (RIFLE) categories on the basis of serum creatinine and urine output [27] . Patients were classified into no-AKI, RIFLE-Risk, RIFLE-Injury or RIFLE-Failure groups at ECMO initiation [27] . Patients already on CRRT at ECMO initiation were classified into the RIFLE-Failure group. Patients with AKI were defined as RIFLE-Risk, RIFLE-Injury and RIFLE-Failure groups. The relationship between FB and outcomes was examined by considering FB as a continuous variable and after dichotomizing into two groups on the basis of daily FB (negative and positive daily FB). Additional sensitivity analyses were performed in the following subgroups: patients who required or not CRRT, acute respiratory distress syndrome (ARDS) diagnosis, cardiogenic shock diagnosis, and AKI and no-AKI groups.
The primary outcome considered was mortality at 90 days after 3 days on ECMO. Secondary outcomes included hospital mortality, time to death from ECMO day 3 up to day 90 and time to in-hospital death. Mechanical-ventilation-free days at day 60, duration of mechanical ventilation, ECMO-free days at day 28, duration of ECMO run, duration of CRRT, and ICU and hospital length of stay (LOS) were also assessed.
Statistical analyses
Data were initially assessed for normality. Continuous normally distributed variables were compared using Student t tests or analysis of variance (ANOVA) and are presented as mean (standard deviation), whilst non-normally distributed variables were compared using Wilcoxon rank-sum tests or Kruskal-Wallis tests and are presented as median (interquartile range, IQR). Categorical variables were compared using chi-square test for equal proportion or Fisher's exact tests and are reported as number (percentage). For pairwise comparisons of RIFLE categories and fluid balance over time, Bonferroni adjustment for multiple comparisons was employed. Multivariate logistic regression was used to identify early independent risk factors for 90-day mortality in ECMO patients, with results presented as odds ratio (95 % confidence interval, CI). Multivariate models were constructed using both stepwise selection and backwards elimination techniques before undergoing a final assessment for clinical and biological plausibility. With the exception of primary cause of ECMO and year (automatically forced into the model), all other variables before day 3 with univariate p \ 0.10 were considered for model inclusion (i.e. SOFA score at ECMO cannulation, APA-CHE III, CRRT during the first 3 days, daily FB, urine output, and bleeding events at day 1 and day 3 on ECMO). Analysis of time to death (censored at 90 days after 3 days on ECMO) was compared using GehanBreslow-Wilcoxon test and is presented using KaplanMeier curves. The optimal threshold of FB at ECMO day 3 for mortality was calculated by the Youden index.
To test the robustness of any association between mortality and early positive FB, interactions with other covariates (i.e. primary diagnosis ARDS, RRT from day 1 to day 3, major bleeding at day 1, APACHE III) were tested. Additional models were applied to data analysis. These models included time-dependent modelling and Cox proportional-hazards modelling. Such models included a propensity score. The propensity score was estimated by using a multivariate logistic regression of each patient receiving positive FB at ECMO day 3 or not. The model included all baseline characteristic variables and collected data before ECMO day 3 using a stepwise selection procedure with inclusion criterion of p \ 0.2. Variables retained in the propensity model to have positive FB at day 3 are displayed in Table ESM-1. This propensity score was included as covariate in the models on 4 outcomes: hospital death, death at day 90, time to hospital death and time to death at day 90, respectively. Multivariate analyses to identify independent factors associated with death at day 90 were re-run in 4 subgroups: AKI at ECMO initiation, CRRT during the first 3 days, ARDS and cardiogenic shock. All analyses were run twice with FB at ECMO day 3 considered either as a binomial value (positive versus negative FB) or as a continuous value.
Analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA), and a two-sided p value of 0.05 was considered to be statistically significant.
Results
Study population
During the 7-year study period, 172 patients (44 ± 15 years old, 66 % male) fulfilled our inclusion criteria (Fig. 1 ). Of these, 115 received ECMO for primarily cardiac causes, whereas 57 had ECMO for acute respiratory failure (53 patients for ARDS, 4 patients for end-stage respiratory failure). Median ICU LOS was 18 (12-30) and median hospital LOS was 35 (21-59) days. Overall 90-day mortality was 24 %. Mortality in the cardiogenic shock group and in the acute respiratory failure group was 23 and 25 %, respectively. Overall 90-day mortality was higher for patients who required CRRT (p \ 0.0006, Table 2 ). The main characteristics of the whole population at ECMO initiation are presented in Table 1 and Table ESM- Daily fluid balance in the study population Figure ESM -1 depicts the evolution of FB management during the first 3 days on ECMO over the study period. It is worth noting that the mean FB at day 3 significantly decreased between 2006 and 2013. However, ''year'' was not retained as an independent risk factor of mortality. A difference in daily FB between survivors and non-survivors was detected on the third day of ECMO and persisted until day 5 (Fig. 2) . On day 1 and day 2, both groups had a similar positive FB. On the following days (i.e. from day 3 to day 5), survivors exhibited significantly lower FB (Fig. 2) . Table 2 presents main characteristics and outcomes according to FB at ECMO day 3. Briefly, the number of patients with ARDS or cardiogenic shock was similar according to FB status at day 3. Similarly, same number received RRT during their ICU stay. In addition, compared with those with negative FB, patients with positive FB exhibited fewer mechanical-ventilation-free days at day 60 and higher day-90 mortality [44 (16- ESM-2 ). In addition, positive FB of 1-2 L/day at ECMO day 3 was the optimal threshold for mortality, with a mean sensitivity and a specificity of 44 and 82 %, respectively ( Fig. ESM-3 ; Table ESM-3) .
Multivariate and adjusted analyses
After adjusting for other significant confounding variables (APACHE III score, CRRT during the first 3 days, major bleeding at day 1) using logistic regression analysis, an increasingly positive FB on day 3 was an independent predictor of death at day 90 (Table 3) . After adjusting for the propensity to have positive FB through the inclusion of a propensity score and considering FB as a binomial or a continuous value, positive FB at day 3 remained an independent predictor of 90-day mortality (Table 3) . Similarly, positive FB at day 3 was also independently associated with time to death at day 90, in-hospital mortality and time to hospital death using Cox proportionalhazards modelling. No significant interactions between positive FB at day 3 and APACHE III score, CRRT or major bleeding during the early ECMO period were found.
Acute kidney injury, continuous renal replacement therapy, primary diagnosis and daily fluid balance Ninety-eight patients (57 %) exhibited AKI at ECMO initiation. Comparison between characteristics and outcome according to RIFLE categories at ECMO initiation is presented in Tables ESM-4 (Table ESM-5) . Compared with no-AKI patients, mortality at day 90 of patients with AKI was higher (31 versus 15 %, p \ 0.001). However, positive FB at day 3 was still independently associated with death at day 90 in both AKI and no-AKI groups (Tables ESM-6 and ESM-7) .
Baseline characteristics and outcome according to CRRT during the first 3 ECMO days are presented in Table ESM-8 . Briefly, 72 (42 %) patients received CRRT during the first 3 days after ECMO initiation. Primary reasons for CRRT were acute renal failure (76 %), fluid overload (21 %) and electrolyte imbalance (3 %). Thirtyeight patients (35 %) died at day 90. Consistently, FB at day 3 was still higher in non-survivors (p \ 0.05; Fig. ESM-4 ). In addition, positive FB at ECMO day 3 was independently associated with 90-day mortality within patients with CRRT (Tables ESM-9 and ESM-10) .
Similarly, positive FB at day 3 was still an independent factor associated with 90-day mortality in patients with ARDS or with cardiogenic shock (Tables ESM-11 and ESM-12).
Discussion
Key findings
In an adult population requiring ECMO, we found that, even after adjustments for propensity score and all illness severity markers, positive FB at day 3 is a robust independent predictor of 90-day mortality. This significant The propensity score was estimated by using a multivariate logistic regression of patients receiving positive fluid balance at ECMO day 3 or not Major bleeding event was defined as bleeding which led to a haemostatic treatment (pleural drainage, surgical procedure, arterial embolization, gastrointestinal endoscopy), transfusion of C5 blood units of packed red blood cells or intracerebral haemorrhage CRRT continuous renal replacement therapy, ECMO extracorporeal membrane oxygenation, FB fluid balance, HR hazard ratio, OR odds ratio difference in FB between 90-day survivors and nonsurvivors was noted from day 3 to day 5 on ECMO.
In addition, we confirmed a trend to increased 90-day mortality with more severe RIFLE scores with an overall 35 % 90-day mortality for patients treated with CRRT. In addition, CRRT during the first 3 days on ECMO was also an independent risk factor of 90-day mortality.
Comparison with previous studies
Despite the overall lower than expected 90-day mortality rate in our cohort [13, [28] [29] [30] , we confirm that positive FB at day 3 and CRRT during the first 3 days on ECMO are independent risk factors for mortality [13, 28, 30, 31] .
In the past decade, the view that liberal fluid administration preserves renal function has been challenged [32] [33] [34] [35] . A number of studies, in different settings, have stressed the negative impact of fluid overload on mortality, oxygenation, and duration of mechanical ventilation and ICU LOS [16, 26, [36] [37] [38] [39] [40] . In a retrospective analysis of 1,400 patients enrolled in the RENAL study [41] , negative daily FB was associated with decreased risk of death at 90 days, even after adjustments for propensity score and all illness severity markers [26] . ECMO patients are especially exposed to fluid overload, and FB management is a common issue in this population [42] [43] [44] . Selewski et al. [44] , in a retrospective study of 57 ECMO children requiring CRRT, recently addressed the association between mortality and fluid overload at RRT initiation, fluid removal during CRRT and the kinetics of fluid removal. Median fluid overload at CRRT initiation and CRRT discontinuation were significantly lower in survivors. However, after adjusting for confounders, fluid overload at CRRT discontinuation was not significantly associated with mortality, highlighting the fact that fluid status early in the patient's course is most predictive of survival. The addition of in-line continuous haemofiltration to the ECMO circuit (which avoids the need for a separate central venous access line) has been suggested as a potential solution for improved fluid homeostasis in concert with native diuresis [45] . In 15 newborn patients matched with 46 controls, such addition of CRRT to the ECMO circuit improved outcomes by reducing time on ECMO and on ventilation as well as improving fluid balance management [43] . Similarly, animal models of ECMO have suggested there may be a direct protective effect from CRRT with reduced inflammatory markers, improvement of mean perfusion pressure, systemic vascular resistance and oxygen delivery [46] . However, CRRT might increase the risk of ECMO oxygenator failure. In our series, the number of ECMO circuits used was significantly higher in the CRRT group (Table ESM-8) , a finding which has been reported by others as associated with worse outcome [47] . In addition, we did not find any independent association between AKI and positive FB at day 3. However, patients were classified at ECMO initiation, and some of the 74 no-AKI patients could have developed AKI thereafter.
Contribution to knowledge
Our study provides findings of an independent association between early positive FB and 90-day mortality in ECMO patients regardless of the reason for ECMO. Although fluid overload may reflect only the illness severity of these patients [12] , these results raise the possibility that early control of FB on ECMO may be beneficial. However, ECMO may also intrinsically predispose to fluid overload. Recurrent suction episodes due to access insufficiency may both predispose to increased fluid administration and represent inadequate ECMO support which in turn manifests as adverse mortality outcomes. The ECMO centrifugal pumps are preload dependent, and intravenous fluids are, especially in the first 48 h after ECMO initiation, frequently administered to target appropriate ECMO flow [1, 3] . In fact, the positive FB seen during the first two days on ECMO did not show an association with 90-day mortality (Table 2 ; Fig. 2 ). As demonstrated with acute lung injury with sepsis [48] , further studies are warranted to study the outcome of a strategy combining early aggressive fluid resuscitation associated with later fluid restriction in ECMO patients.
Implications of study findings
The consistent association between positive FB at day 3 and mortality after multiple adjustments may suggest the need to exert prudence with fluid administration in ECMO patients after the first 48 h. Then, this finding could emphasize the need for proactive strategies to reduce fluid overload as soon as possible. Recent advances in incorporation of CRRT with ECMO devices allow thorough control of fluid balance with lower exposure to diuretics [44] . This study should prompt clinicians and researchers to develop trials to confirm the negative impact of fluid overload in ECMO on outcome and to develop specific strategies for management of AKI and FB. Proactive use of CRRT and diuretics during ECMO, aiming to improve fluid overload as soon as possible, might be investigated.
Strengths and limitations
To the best of our knowledge, this is the first time that an association of positive FB with unfavourable outcome has been reported in a large adult ECMO cohort. Our findings have potential therapeutic implications and may lead to studies comparing a conservative versus liberal fluid therapy approach in these unique patients. Our study, however, has a retrospective design and was performed in a single centre with no standardization of the timing of CRRT during ECMO. In addition, our results depend on local experience, practice and management of ECMO and CRRT. However, we believe other expert centres can reproduce such clinical management. We studied a mixed population of patients with acute refractory cardiogenic shock and acute respiratory failure, who had received VA-or VV-ECMO support. We recognize that subgroups of such patients may behave differently and that this study is underpowered to detect variation between small populations. However, these two different populations had the same mortality rate. Moreover, even after multiple adjustments and propensity score use, the negative impact of FB on mortality was still noted in both ECMO populations. We were not able to obtain accurate FB data before ECMO initiation. However, a high proportion of patients received ECMO during their first day in ICU (115 of 172 patients). Similarly, the dose of vasopressors was not collected. A constant haemodynamics SOFA subscore at 4 in both survivor and non-survivor groups suggests that the epinephrine or norepinephrine dose was greater than 0.1 lg/kg/min at ICU admission and at ECMO initiation. The type of fluids used was not collected. However, hydroxyethyl starch, which has been shown to be associated with a need for RRT [49, 50] , was not available during the study period. We cannot exclude that the results of our multivariable analyses might have been biased by residual confounding not accounted for in this study. Finally, although we have shown that positive FB on day 3 of ECMO is associated with adverse outcomes, this study cannot rule out that those associations may simply reflect the extreme illness severity. Whether strategies to limit fluid accumulation either are possible or would change patient outcomes must be determined.
Conclusions
Our findings show that early positive FB, especially at day 3, is a robust independent predictor of 90-day mortality during ECMO, regardless of the primary diagnosis, AKI, or RRT use. In addition, we confirm that AKI during ECMO in adult patients is frequent and that those requiring CRRT are at greater risk of 90-day mortality. Further prospective studies aimed at testing the value of strategy of tight control of FB during the first 5 days of ECMO appear desirable.
